We assess the degree of crystallinity by means of UV and visible Raman scattering measurements of Ti implanted Si layers with very high doses (10 15 -5 × 10 16 cm −2 ) subsequently annealed by nanosecond pulsed laser melting (PLM). We obtain ultraheavily impurified Si layers with Ti concentrations six orders of magnitude above the solid solubility limit in a layer several tens of nanometers thick. The PLM annealing processes are needed to recover the crystal quality and to keep the high Ti concentration required to form an intermediate band (IB). The UV Raman analysis permits us to evaluate the lattice crystallinity of the different implanted doses probing only the implanted region and points out Ti interstitial location in the host lattice in agreement with theoretical predictions for IB formation. By contrast, visible Raman spectra are only sensitive to the presence of a fully amorphized implanted layer as in the rest of the crystalline layers the probing depth far exceeds the implanted layer thickness and the signal is dominated by the undamaged Si.
Introduction
In the last few years, an increasing effort has been made to improve the efficiency of the solar cell technology. One of the most promising concepts of the third generation of solar cells is based on the intermediate band (IB) materials, which could amply overcome the theoretical solar conversion efficiency limit predicted for single junction solar cells [1] .
The main characteristic of an IB material is a new band placed between the conventional valence band (VB) and conduction band (CB) of the semiconductor. The advantage of this new band is that photons of energy below the band gap can be absorbed, pumping electrons from the VB to the CB using the IB as an intermediate step.
The IB formation in a semiconductor requires the impurifying of the layers with deep level impurities [2] . This allows the formation of a new band clearly separated from the VB or CB and not only an effective reduction of the band gap. On the other hand, a very high concentration of impurities is also necessary to achieve the overlapping of wavefunctions associated with the electrons of the impurity atom. This will give rise to the delocalization of the electron states forming the new band. The minimum required concentration, known as the Mott limit, has been theoretically calculated (∼6 × 10 19 cm −3 ) [2] . Recently, Ti impurified Si was proposed as a promising candidate to form an IB material [3] and it is now being actively investigated. However, the high Ti concentration required for IB formation far exceeds the solid solubility limit of Ti in Si (∼4 × 10 14 cm −3 ) [4] .
Ion implantation is a non-thermodynamical equilibrium process commonly used to dope semiconductors that permit introducing an extremely high impurity concentration in the semiconductor well above the solubility limit. However, the high-dose ion implantation process generates massive lattice damage and annealing processes out of thermodynamical equilibrium are needed to recover lattice crystallinity while maintaining the high concentration of impurity atoms in the implanted profile. Pulsed laser melting (PLM) is an effective thermal annealing technique which is widely used to obtain a high degree of lattice recovery in this type of processed IB materials [5, 6] . The PLM annealing is a thermal process out of the thermodynamical equilibrium that permits achieving a high lattice crystal quality after ion implantation generated damage preserving a high impurity concentration. The PLM process produces a melt of the surface layer and a rapid recrystallization by liquid-phase epitaxy, in a very short time (20 ns), producing a high impurity trapping that surpasses the equilibrium solid solubility limit. To obtain a high efficiency IB solar cell, high crystal quality of the IB material is required. The low lattice quality increases the presence of defects which can act as recombination centers producing a decay of the carrier lifetime.
To assess the lattice quality after PLM processes, structural characterization of the implanted layers is necessary. Transmission electron microscopy (TEM) and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) are useful techniques to evaluate crystal quality and doping profiles; nevertheless non-destructive techniques are always desirable. Non-destructive structural characterization techniques such as glancing incidence x-ray diffraction have been proven to be useful only to obtain information about the degree of polycrystallinity in the implanted samples [7] . Raman scattering is a powerful, non-destructive technique to evaluate the crystalline quality [8] and may also detect local vibrational modes associated with lattice impurities which are sensitive to the impurity location in the host lattice. The Ti lattice site has a special relevance in the formation of the IB, as recent theoretical calculations based on density functional theory have predicted [9] . According to these calculations, a metallic semifilled IB is achieved only when the impurities occupy interstitial lattice locations.
Typical thicknesses of Ti implanted Si layers followed by PLM processes are about tens of nanometers, since the energy density of the excimer lasers generally employed in PLM [7] limits the penetration depth. Then, in the case of Raman scattering measurements using the visible excitation lines, a substantial part of the signal is originated in the undamaged region beyond the implanted layer [8] . This restricts the sensitivity of the technique to probe the disorder in the implanted layers. Raman scattering measurements carried out with a more energetic excitation line, where higher optical absorption and a reduced probing depth are expected, could be employed to analyze only the implanted region. Some pioneering Raman scattering investigations from ultraheavily ion implanted and laser annealed silicon layers with superficial dopants (As) were reported [10, 11] .
The electronic transport and optical properties of the Ti implanted Si layers with doses above the Mott limit and subsequently PLM annealed presented in this work have been reported [3, 12, 13] . These layers show strong sub-bandgap absorption and a recovery of carrier lifetime [14] in agreement with the suppression of the non-radiative recombination mechanism predicted for the IB formation. In the present work, we have assessed by means of UV and visible Raman scattering the degree of crystalline lattice recovery after PLM annealing in Si samples implanted with Ti at non-equilibrium concentrations well above the Mott limit. UV Raman analysis allows us to evaluate the degree of crystalline recovery of the layers implanted with different Ti doses, whereas visible Raman spectra mainly probe the undamaged Si beyond the implanted layer and are only sensitive to the presence of a fully amorphized implanted layer.
Experimental details
The samples employed in these experiments were single crystal n-Si with a resistivity of 200 cm, mobility μ = 1250 cm 2 16 cm −2 at 25 keV by means of a VARIAN CF3000 ion implanter refurbished by IBS. After implantation the samples were annealed at J P Sercel Associates, Inc. (New Hampshire, USA) with a KrF excimer laser (λ = 248 nm) at an energy density of 0.8 J cm −2 , at RT in air atmosphere with a single 20 ns pulse. The KrF laser beam was homogenized yielding an anneal area of 1 × 1 mm 2 per pulse. To completely anneal the whole sample area, annealing steps with an overlapped length of less than 10 μm were performed.
ToF-SIMS measurements of these implanted layers after PLM annealing have been reported [7] . The PLM penetration depth, which depends on the layer crystallinity, is below the implanted regions for almost all implanted doses. Only in the case of the lowest implanted dose, the laser penetration is not deeper than the implanted region, but HRTEM images of this implanted layer after PLM point out a high lattice reconstruction [7] . The Ti concentration profiles of these measurements reveal a redistribution of Ti impurities after PLM annealing that produces different layer thicknesses with Ti concentrations that exceed the doses and about 120 nm for the high dose (5 × 10 16 cm −2 ) [7] . The Raman scattering spectra were acquired using a Jobin-Yvon T64000 spectrometer equipped with a coupled charge detector cooled with liquid nitrogen. The scattered light was recorded at RT in unpolarized backscattering configuration using the 514.5 nm line of an Ar + laser and the 325 nm line of a HeCd laser as excitation sources. The visible Raman spectra were obtained using a confocal microRaman system with a ×100 objective and typical spot size of ∼1 μm. The UV Raman spectra were recorded in macro Raman configuration. For the visible Raman measurements the spectral slitwidth was ∼2.2 cm −1 , whereas for the UV measurements the less dispersive UV gratings provided a spectral slitwidth of ∼4.3 cm −1 . Taking into account the absorption coefficient of Si for the 325 nm wavelength [15] , we estimate that the Raman signal will be originated in a layer thickness of less than 20 nm in crystalline Si, which is for all the studied samples within the Ti implanted region [16] . Consequently, the UV Raman scattering measurements would only probe the implanted region. On the other hand, using the absorption coefficient of Si for the 514.5 nm wavelength [15] , we estimate that visible Raman measurements effectively probe a layer thickness of about 360 nm in crystalline Si, which is well beyond the Ti implanted region.
Results
In figure 1 , we show the UV Raman spectra corresponding to the Si substrate and the four as-implanted samples with increasing Ti doses. The Raman spectrum of the Si substrate is dominated by a narrow peak at 521 cm −1 that corresponds to the zone center optical phonon of Si [17] . After Ti implantation, the Raman peak of crystalline Si is no longer detected in any of the spectra and it is replaced by a weak band around 480 cm −1 that corresponds to the amorphous Si layer produced by the ion implantation process [18] . This weak band is present even for the lowest implanted dose (10 15 cm −2 ) and indicates the heavy damage induced to the host lattice during the ion implantation process. The intensity of this amorphous Si band is similar in all the Ti implanted samples except for the sample implanted with the highest dose (5 × 10 16 cm −2 ), where the intensity is noticeably lower. This suggests a very high degree of lattice damage in the sample implanted at the highest dose, which, as we shall see below, cannot recover the crystallinity by PLM treatments.
In figure 2 , we show the first-order Raman spectra of the Ti implanted layers after PLM at 0.8 J m −2 acquired with the UV excitation line. For comparison purposes, we also display the UV Raman spectrum of the substrate Si layer. After PLM annealing, in the Raman spectra of the highest dose implanted sample the weak band associated with the amorphous layer has vanished and the Raman peak of crystalline Si is recovered, which proves that a high degree of lattice recrystallization has been achieved. As can be observed in figure 2, the intensity of the Si peak decreases as the ion implantation dose is increased, reflecting a gradual decrease in the crystallinity with the implanted dose. The highest intensity of the Si peak is obtained in the Ti implanted Si layer with the lowest dose (10 15 cm −2 ), which confirms that the highest degree of lattice recovery after PLM is achieved for this dose, in agreement with recently reported high resolution transmission electronic microscopy (TEM) images [16] . For the sample with the highest implantation dose no crystalline Si peak could be detected, which indicates that the PLM process used is not capable of annealing the heavy lattice damage induced in this sample. Given that between the samples implanted with doses of 5 × 10 15 and 10 16 cm −2 there is only a factor of 2 in the Ti dose, appreciable crystallinity differences should not be expected, as is experimentally observed.
In addition to an intensity reduction, the Si peak of the implanted samples also exhibits a downshift in frequency that reaches 4 cm −1 (see the inset of figure 2) in the case of the layer implanted with 10 15 cm −2 . This shift could be attributed to strain in the lattice probably as a result of Ti incorporation due to the higher atomic radius of Ti. However, in the layers with the higher implanted doses where a greater downshift could be expected, the frequency shift is less significant. As reflected by the lower intensity of the Si peaks, these samples have a lower degree of crystallinity and the presence of defects could partially relax the lattice strain. Moreover, only a slight difference is observed in the frequency shift of the Si Raman peak for the 5 × 10 15 and 10 16 cm −2 implanted layers, which confirms that there are no significant differences in the crystallinity of the analyzed region by UV Raman of these two samples.
In figure 3 , we show the second-order Raman spectra of the Ti implanted layers after PLM at 0.8 J m −2 and the asgrown Si substrate, acquired with the 325 nm excitation line in the region of 200-1200 cm −1 . Second-order modes involve two-phonon vibrational processes which are more sensitive to lattice crystallinity [19] . Peaks observed at 300 and 617 cm correspond to the second-order Raman scattering by overtones of transverse (2TA) and longitudinal (2LA) acoustic phonons, respectively. The peak located at 826 cm −1 corresponds to a 2LO phonon mode and the double feature situated at 980 and 1012 cm −1 to a 2TO phonon modes of Si second-order modes, respectively [19] .
The Raman spectra of the implanted and subsequently PLM annealed samples show a decrease in the intensity of the second-order modes as the implanted dose is increased. This indicates the lattice crystallinity degradation when the implanted dose is increased, in agreement with the preceding analysis of the first-order Raman spectra (figure 2). In the case of the highest implanted dose (5 × 10 16 cm −2 ), all the secondorder Raman peaks disappear and only the weak Raman band associated with amorphous Si can be detected.
In figure 3 , an additional narrow peak (marked with an asterisk) clearly emerges at 600 cm −1 in the samples implanted at doses of 5 × 10 15 and 10 16 cm −2 . In the case of the sample implanted with 10 15 cm 2 , this mode is observed as a weak band at the same frequency (600 cm −1 ). This peak cannot correspond to a downshifted second-order mode of Si (that is located at 617 cm −1 in crystalline Si) since the rest of secondorder peaks are not shifted [20, 21] . Furthermore, whereas the rest of the second-order peaks corresponding to crystalline Si become less intense as the implanted dose is increased, this peak remains well defined. Given that the Ti atom has a higher mass than the Si atom, this peak cannot correspond to a local vibrational mode of the impurity occupying a substitutional position since the corresponding vibrational mode would have a lower frequency than the first-order Si mode. Moreover, no Si defect related peaks have been observed previously in ultraheavily ion implanted and laser annealing Si layers [10] .
On the other hand, although some Raman peaks have been reported for SiO 2 around this frequency [22] , the origin of the ∼600 cm −1 peak does not seem to be related to SiO 2 formation because it is not observed in all the implanted layers. Modes associated with a possible surface layer of TiO 2 or to Ti clusters can also be ruled out because, although such modes could only be expected at high Ti implanted doses [23] , they are actually not observed in the sample implanted with the highest dose. TEM images of these implanted samples do not reveal any surface layer other than the Ti implanted Si layer [16] . The relation of this Raman peak with oxide compounds produced after PLM is ruled out by the oxygen intensity depth profile obtained by means of ToF-SIMS measurements for the different implanted samples after the PLM process, as can be observed in figure 4 . These profiles show no substantial differences between the samples in which this new peak appears and the rest of implanted samples, suggesting that no oxygen related phases are formed after PLM. Moreover, no oxygen intensity differences have been detected along the Ti implanted layer depth [16] , along the defective crystalline layers present inside 5 × 10 15 and 10 16 cm −2 implanted layers (see the TEM images of the inset of figure 4) [7] and between these Ti implanted layers and the undamaged Si substrate below the implanted layer. The new peak is therefore related to the presence of Ti in the host Si lattice. As recently suggested by the results of Rutherford backscattering measurements on these samples [24] , the Ti is located at interstitial sites. Then, we may tentatively assign this new Raman peak to an interstitial Ti local mode.
We can conclude that UV Raman scattering permits us to evaluate the lattice quality of the Ti implanted layers. This is in contrast with Raman measurements performed with the commonly used 514.5 nm excitation line of the Ar + laser. In that case, the Raman probing depth far exceeds the implanted region and the Raman spectra should be expected to be dominated by the signal of the undamaged crystal beyond the range of the implanted ions. To illustrate this point, in figure 5 we show the visible Raman spectra corresponding to the four different Ti implanted samples after PLM annealing compared with the spectrum of an unimplanted Si sample. Similar to the case of the UV spectra, the intensity of the Si peak decreases as the ion implantation dose is increased, vanishing at the highest implanted dose. This reflects the increase of optical absorption in the implanted layer as a result of the increase of disorder and eventual amorphization at high doses. For the Si sample implanted with the lowest Ti dose (10 15 cm −2 ), we can observe that the Si peak intensity is very similar to that of the as-grown Si substrate. It should be noted that, unlike the UV Raman spectra, the visible Raman spectra do not reveal any change in the frequency nor in the full width at half maximum of the first-order Si Raman peak observed in the implanted samples. This clearly suggests that the observed Si peak mainly originates in the undamaged Si crystal beyond the ion implantation range. For the sample implanted with 5 × 10 16 cm −3 , the first-order Si peak is barely visible: its intensity has been attenuated by a factor of ∼130, which reflects the strong increase of optical absorption in the amorphized-implanted layer. This is in agreement with the previous UV Raman measurements carried out on this layer, which indicated that for such high implantation doses the PLM annealing is unable to recover crystallinity and an amorphous Si layer is produced in the implanted region.
In figure 6 , the second-order Raman spectra of the Ti implanted samples obtained with the 514.5 nm excitation are compared with the spectrum of the unimplanted Si sample in the 200-800 cm −1 spectral region. As in the case of the UV Raman spectra, the visible Raman spectra of the implanted and subsequently PLM annealed samples show a decrease in the intensity of the second-order modes as the implanted dose is increased. In addition to the peaks located at 300 and 617 cm −1 , we can detect peaks at 430 and 670 cm −1 which correspond to second-order Raman scattering by overtones and phonon combinations of transverse optic and acoustic phonons.
For the sample implanted with a dose of 5 × 10 16 cm −2 , an evident increase of the lattice disorder occurs, as revealed by the broadband at 480 cm −1 that is related to the Si amorphization and the absence of the second-order Si vibrational related peaks. The first-order Si related peak is however still present but with a strongly reduced intensity. The coexistence of a narrow Si peak and the amorphized Si layer in the same spectrum can only be explained assuming that part of the Raman signal is originated in the unimplanted Si region below the amorphized layer, which implies that the sensitivity of visible Raman analysis to evaluate the degree of damage in shallow implanted layers as those studied in this work is severely limited by the large probing depth relative to the implanted ion range. The new peak located at 600 cm −1 that was observed in the UV Raman spectra of the implanted samples and tentatively assigned to interstitial Ti modes is not detected in the visible Raman spectra of the same samples, which confirms that this peak arises from the Ti implanted layer.
In the Raman spectrum of the sample implanted with the highest dose, a new well-defined peak appears at 297 cm −1 between weak peaks located at 269 and 334 cm −1 . The 297 cm −1 feature cannot be attributed to a redshifted secondorder vibrational mode of Si because the rest of the secondorder modes are not present. These three peaks have been previously reported to occur at the same frequencies in TiSi 2 layers with the C49 phase [25] . All these results suggest that formation of a silicide phase has taken place due to the high Ti concentration together with the high temperatures involved in the PLM annealing. Silicide related peaks are not clearly observed in UV Raman spectra, probably due to the high absorption coefficient for this wavelength laser excitation line.
Conclusions
In this study, we have used UV Raman scattering to evaluate the crystal lattice recovery of Si layers implanted with very high Ti concentrations and subsequently PLM annealed at 0.8 J cm −2 in order to obtain an IB material. We show that the best crystal quality is obtained in the lowest analyzed dose (10 15 cm −2 ). We find that visible Raman scattering probes a region that extends well beyond the implanted region and has therefore a limited sensitivity to the degree of damage in the thin implanted layer. By contrast, the UV Raman scattering probing depth lies within a Ti implanted layer and thus permits the selective evaluation of the crystallinity recovery in the implanted layer. Additional Raman peaks have been detected in the heavily implanted layers that suggest the presence of Ti in interstitial lattice sites, which has been predicted to be essential for the IB formation. New peaks related to the formation of silicide phase are observed only for the sample with the highest Ti implanted dose.
